ABSTRACT: Slow lorises are members of a rare guild of obligate exudativores. Secondary metabolites in their diet have been implicated as contributing to the evolution of both their slow basal metabolism and their venom. No long-term study has yet examined the feeding ecology of the largest of the lorises, the Bengal slow loris Nycticebus bengalensis. We conducted an 18 mo study from June 2008 to December 2010 in Hollongapar Gibbon Wildlife Sanctuary, Assam, India, to investigate whether Bengal slow lorises prefer gum, and whether there is any evidence of secondary metabolites in their diet. We detected the lorises along line transects using existing trails and followed each animal as long as possible, recording selected behaviours via focal instantaneous sampling. We recorded 629 feeding incidents during 270 night walks. We found that up to 80.9% of feeding bouts were of plant exudates, followed by bark, floral parts, insects, fruits, and tender (i.e. immature) leaves. Within the plant exudate category, 5 species were consumed in 71% of the total exudate feeding bouts: Terminalia chebula, Mesua ferrea, T. arjuna, Ficus hispida and Dillenia indica. These species all have high medicinal value and are commonly used by the local communities for traditional medicinal purposes. Absorption of secondary metabolites from these plants may explain unusual healing patterns observed in wild slow lorises, but lacking in lorises held in captivity. Their dietary affinity towards medicinal plants could explain patterns of use of slow lorises within the traditional medicine trade in the Indo-Chinese region. 23: 149-157, 2014 to-digest secondary metabolites (Heymann & Smith 1999) . Only 6 primate genera (Calithrix, Mico, Ce buella, Phaner, Euoticus and Nycticebus) are known to access these foods through active excavation of plant surfaces (Starr & Nekaris 2013) . These obligate exudativores include exudates in ≥40% of their feeding time (hereafter referred to as diet; Nash & Burrows 2010) .
INTRODUCTION
Feeding ecology is a central component of a species' biology and helps researchers to understand many aspects of its anatomy (Lehman et al. 2005) , survival, reproduction, group dynamics (Garber 1987) , habitat requirements and social structure (Eisenberg et al. 1972) . Dietary research highlights the impacts of environmental factors that most affect animal ecology (Poulsen et al. 2001 ) and explains the constraints which limit their distribution. The exploitation of rare or difficult-to-digest resources by some primates may aid in their ability to avoid competition with other animals in their environment (Ganzhorn 2002) , and may also lead to evolutionary advantages regarding health and anti-predator de fence systems (Forbey et al. 2009 ).
One such adaptation by a handful of primate genera is the ability to excavate and consume plant exudates. Nash & Burrows (2010) and Smith (2010) reviewed the dietary, behavioural and morphological correlates of exudativory in primates. Exudativory is an important but relatively rare feeding adaptation for more than 70 species of primates including strepsirrhines (cheirogeleids, galagids and lorisids), callitrichids, and some Old World monkeys (cercopithecids). Exudates are a family of foods including gums and saps that offer a carbohydrate-rich energy source, yet one which at the same time may contain difficult-to-digest secondary metabolites (Heymann & Smith 1999) . Only 6 primate genera (Calithrix, Mico, Ce buella, Phaner, Euoticus and Nycticebus) are known to access these foods through active excavation of plant surfaces (Starr & Nekaris 2013 ). These obligate exudativores include exudates in ≥40% of their feeding time (hereafter referred to as diet; Nash & Burrows 2010) .
Until the mid-1990s, virtually nothing was known about the feeding ecology of wild slow lorises (Nycticebus spp.), and the discovery that these small primates consumed large quantities (comprising nearly 40 to 90% of the diet) of exudates was surprising; indeed it had been predicted that like the similarly non-leaping pottos of Africa, loris diet would comprise mainly fruits (Ravosa 1998) . Several morphological characters of these nocturnal strepsirrhines suggest the presence of obligate exudativory, including a stout toothcomb, small body size, a large caecum, a long tongue, wide U-shaped legs and enlarged hand pads for gripping (Hladik 1978 . Wiens et al. (2006) , Swapna et al. (2009) and Starr & Nekaris (2013) all provided strong evidence that exudates are a preferred food for slow lorises (selected disproportionately often relative to their abundance within the habitat) rather than a fallback food (food used when preferred items are not available; Marshall & Wrangham 2007) .
The Vulnerable Bengal slow loris Nycticebus bengalensis is the largest (1100 to 2100 g) of the 8 slow loris species and is distributed across Southeast Asia (northeastern India, Myanmar, Bhutan, Bangladesh, Laos, Cambodia, Vietnam, Thailand and China). Three short-term wild studies have provided evidence for exudativory within this widely dispersed species in different habitat types (dry acacia scrub forest, Swapna et al. 2010 ; lowland rainforest mixed with plantations, Pliosungnoen et al. 2010 ; and montane rainforest mixed with grassland, Rogers & Nekaris 2011) . In a 5 mo study of unmarked individuals, Swapna et al. (2009) revealed that although they also consumed nectar, plant bark, fruits and small invertebrates, the majority of their wild diet comprised plant exudates (86.5% of all feeding events).
Here we report on the diet of Nycticebus bengalensis based on an 18 mo eco-behavioural study of freeranging Bengal slow lorises in a wet semi-evergreen forest in India; this is the first long-term (over more than 1 yr) study of this species. We examined the prevalence of loris exudativory across multiple seasons. Using selectivity, we examined whether exudates are a preferred or fallback food for lorises in our study area. We also conducted a qualitative examination to investigate secondary metabolites in the chosen food items, and discuss the evolutionary implications of these dietary choices.
MATERIALS AND METHODS

Study area
We conducted the eco-behavioural study on Bengal slow lorises from June 2008 to December 2010 in Hollongapar Gibbon Wildlife Sanctuary (HGWLS), in Assam, India. HGWLS (Fig. 1) is situated at 26°40' to 26°45' N and 94°20' to 94°25' E, at an altitude of 100 to 120 m, and has an area of 20.98 km 2 . It is located on the south side of the Brahmaputra River in the district of Jorhat, Assam. The vegetation type in HGWLS is Assam plains alluvial semi evergreen forests, sparsely interspersed with wet evergreen forest patches (Champion & Seth 1968) . The vegetation is composed of several canopy layers; most of the components are evergreen in character (Champion & Seth 1968) . The top canopy is predominated by Dipterocarpus macrocarpus and Artocarpus chama; Mesua ferrea is the dominant species in the middle canopy, whereas the lower and ground layers consist of a variety of evergreen shrubs and herbs, the most common being Teinosstachyum dullooa and Pseudosta chyum polymorphum. HGWLS is an isolated forest fragment, and the ecology and the behaviour of a species, including the Bengal slow loris, may be influenced by fragment-mediated changes.
Based on differences in minimum daytime temperature, the study site can be classified into 2 distinct weather periods, i.e. subtropical hot wet summer (May to August) and cool dry winter (September to April).The average temperature varies from 5°C (minimum) to 38°C (maximum), and average rainfall recorded is around 249 cm.
Field methods
At night, transect walks were conducted on preexisting trails using red-filtered headlamps (Petzl Zoom 4.5 V with xenon halogen bulbs, MYO-3). After locating an individual, we followed it as long as possible, resulting in 216 follows ranging from 10 to 260 min; except for 2 cases, all follows were of single individuals. We combined continuous focal animal sampling (during feeding; Altmann 1974) and instantaneous point sampling at 5 min intervals (for general activity) (cf. Nekaris 2001 , Nekaris & Rasmussen 2003 . All observations of feeding behaviours were recorded ad libitum (Altmann 1974) .
Feeding bouts were timed using a digital wristwatch. We scored a feeding bout when an individual procured and/or handled food items with hands or mouth, as well as when it chewed and ingested food. Foraging (i.e. the search for food) was not considered as part of the feeding bout. Each independent feeding bout was separated by 5 consecutive minutes during which the individual was engaged in an activity other than feeding or if the individual switched to feeding on a different food type. Length of a feeding bout is defined as continuous feeding or handling for more than 10 s (Powzyk & Mowry 2003) and was considered over when feeding ceased. When the animal was feeding, we recorded (1) duration of the feeding bout, (2) canopy level, (3) position in the tree, (4) substrate inclination, (5) plant species eaten, (6) plant parts eaten and (7) a description of the feeding tree (height, crown diameter, canopy cover and diameter at breast height, DBH, ca. 1.3 m above ground level). We distinguished 6 food categories: plant exudates, plant bark, floral parts/nectar, fruits, immature leaves and invertebrates.
Vegetation sampling
To study the abundance of tree species, we used the strip transect sampling method (Struhsaker 1975 , Williamson 1993 , creating straight lines through the forest along predetermined compass bearings. We laid out 12 fixed transects (500 × 4 m) within the areas where we frequently encountered slow lorises; all transects were at least 500 m apart. Once these transects were established, trees with DBH >10 cm were sampled.
Methods described here followed the ethical principles of the international guidelines for the study of nonhuman primates concerning the use of animals and conformed to the ethical norms of all institutions involved in this study and the current laws of India.
Data analysis
Percentage of feeding time was calculated as the percentage of time the animal devoted to different food types in each season derived from the continuous focal animal sampling data. Time spent feeding on each of these plant parts indicates feeding preferences and was used to generate a ranked order of pre fer ence for food items. For comparison with earlier studies (Swapna et al. 2009 ), to estimate relative preference for or avoidance of plant species in the diet, we used 'Vanderploeg and Scavia's relativized electivity index' (E i *) (Lechowicz 1982 ) for exudates only:
where
and E i ' = r i / p i , and r i is the percentage of time spent feeding on plant species i, p i is the percentage availability of species i, and n is the total number of species in diet. E i * is based on the selectivity coefficient (W i ) and ranges from −1 to +1: a 0 value indicates random feeding, +1 indicates maximum preference and −1 indicates maximum avoidance (Lechowicz 1982) .
RESULTS
Feeding
We encountered slow lorises 216 times during the study period in HGWLS. Animals were fully nocturnal and were observed between 18:00 and 04:30 h. We recorded 629 feeding bouts. Consumption of different plant parts was clearly dominated by plant exudates (mean ± SD: 80.93 ± 5.24%), followed by plant bark (7.28 ± 2.49%), fruits (4.45 ± 0.74%), flower nectar (3.19 ± 0.89%), invertebrates (2.32 ± 1.98%) and immature leaves (1.83 ± 1.6%).
Seasonal variation occurred in the percentage of time spent feeding on different food types. During winter, exudate consumption increased (85.27% in winter compared with 76.47% in summer). Plant bark consumption increased in summer (9.21% in summer and 5.55% in winter). Similar trends of increasing feeding percentage are also found for immature leaves (summer 3.12%, winter 0.54%) and invertebrates (summer 3.28%, winter 1.35%; Fig. 2 ).
Bengal slow lorises consumed exudates (n = 509) for 2 to 20 min, at an average time of 4.26 ± 2.74 min. They actively gouged gum with the anterior teeth, in many different postures, including head up or head down on the trunk, standing over a branch, or bridging 2 substrates. In most cases, trees already bore wounds (due to larval infestation, prior injury, or fire), although lorises also gouged into the wood to induce gum flow.
Plant taxa used as sources of food
Bengal slow lorises used 56 plant species (44 trees and 12 lianas/climbers) belonging to 23 families as a source of food (Table 1) . Only 26 plant species were recorded for more than 1% of feeding effort, accounting for 80.15% of the total feeding time. Nontree species (lianas/climbers) made up 18.58% of feeding records. Moraceae was the most important family, with 10 species used as food sources, mainly Ficus spp.
The top 15 food plants collectively made up 59.9% of the overall feeding time. When lianas are included in this analysis, the top 15 food items accounted for 68.29% of the total feeding time (Table 2) .
To examine whether species were chosen based on their relative abundance in the habitat, we calculated E i * only for plant species that were used by Bengal slow lorises 1% or more of the time for exudate feeding (13 plant species in winter and 11 plant species in summer; Table 3 ).
Although a higher percentage of time was spent on exudate feeding of the plant Terminalia chebula in winter (21.61%, feeding preference: + 0.297), E i * indicated that it was not one of the most preferred species, whereas T. arjuna (14.57%, feeding preference: + 0.398) and Vatica lanceaefolia (10.51%, feeding preference: + 0.297) were the most preferred (Fig. 3) . In summer, the preference of exudates changed to T. arjuna and Mesua ferrea, which accounted for 14.44 (feeding preference: + 0.405) and 22.32% (feeding preference: + 0.393) of the total exudate feeding time, respectively. Feeding on T. chebula remained high in summer (Fig. 4) .
DISCUSSION
We found that the major part of the diet of Bengal slow lorises is comprised of plant exudates, accounting for 80.93% of total feeding time. Studies on Bengal slow loris diet in Thailand and Tripura, In dia, have also concluded that this species predominantly consumes exudates (Swapna et al. 2009 , Pliosungnoen et al. 2010 , meaning that this food type is important, irrespective of habitat type. Bengal slow lorises consumed a variety of food types in cluding both plant material (exudates, nectar, bark, tender leaves and fruit) and animal prey (invertebrates). We should note that observations of animal prey are the most difficult to see and are probably under-recorded here.
Consumption of plant exudates has now been observed year-round for 4 slow loris species (Nycticebus coucang, Wiens et al. 2006; N. pygmaeus, N. java nicus, Starr & Nekaris 2013 ; N. bengalensis, present study). Exudates are the main components of diet of the greater slow loris N. coucang (43%), pygmy slow loris N. pygmaeus (63%: reintroduced; 51%: wild) and Javan slow loris N. javanicus (54%) (Streicher 2004 , Wiens et al. 2006 , Starr & Nekaris 2013 ). We concur with Swapna et al. (2009) and Starr & Nekaris (2013) We analysed the proportion of each dietary item and established that Bengal slow lorises ate certain species and preferred them over others, according to their relative abundance in the habitat. The fact that 80.93% of the Bengal slow loris diet comprises plant exudates reinforces the view that these are preferred foods. Terminalia arjuna was the most preferred, used for exudate feeding both in winter and summer seasons. Lagerstroemia reginae was the most abundant plant species in our study plots, but was not one of the preferred species in any season. Instead, the preferred species in winter and summer were T. arjuna, Vatica lanceaefolia, T. chebula, Mesua ferrea and Spondias pinnata. The preferred plant species were comparatively less abundant than the non-preferred species. Although E i * provides the single best electivity index (Le chowicz 1982), more information is required on the nutritional content of and seasonal changes in the composition of exudates (Power 2010 (Table 4) . A number of the medicinal plants consumed by lorises have pharmacological importance and have antiparasitic, antifungal, antibacterial, antiviral cardiotonic and stimulatory properties, as well as uses in respiratory disease and wound healing cures in traditional medicines. Inclusion of medicinal plants in their diet might have implications for the physiology of slow lorises. Forbey et al. (2009) suggested that high exploitation of secondary metabolites from plant materials may provide various natural selection advantages for animals and that the ability to utilise these chemicals is more common than previously thought. Wiens et al. (2006) already suggested that the extremely low basal metabolism of slow lorises is an adaptation to digest toxic secondary compounds found in their exudate-based diet. Sequestration of chemicals from secondary metabolites provides an array of known benefits to many taxa, including primates (Huffman 2003) . One major benefit is reduction of ectoparasites, whereby sequestered secondary metabolites may be rubbed on fur, applied with saliva or exuded through the skin (Lozano 1998) . Indeed, a review of all loris taxa studied to date revealed the extremely low degree of ectoparasites , and some of the medicinal plants eaten by lorises are known to have anti-parasitic properties (Mulla & Su 1999 , Katz et al. 2008 .
Slow lorises are the only known venomous primates (Alterman 1995) . Consumption of foods containing various secondary metabolites and subsequent sequestration of these compounds may not only contribute to the biochemistry of slow loris venom, but may also aid in healing of wounds in flicted by a slow loris . Death from necrotic bites delivered by conspecifics was found to be one of the major causes of death to 5 different species of slow loris, both in zoos and rescue centres (Streicher 2004) . The wounds in flicted on slow lorises by conspecifics are severe, resulting in the loss of ears, hands, and even whole limbs. These bite wounds rarely heal in captivity, but mend with remarkable success in the wild (Streicher 2004 . Nekaris et al. (2013) hypothesized that wild lorises may consume foods that their captive counterparts lack, leading to this healing process. A greater understanding of the role of such plants in loris diet and of the way these plants may be used for health maintenance is a promising new avenue not only for expanding our understanding of loris health in captivity, but also may yield the potential for developing novel applications of ethnopharmacological knowledge (Huffman et al. 1998 Use of ethno-pharmacological plants may also have implications for the conservation of slow lorises. Slow lorises are among the most widely used species for traditional medicines in Indochina . Some of the pharmacological uses of plants consumed by slow lorises in our study mirror those reported by traditional medicine practitioners, including curing indigestion, various stomach ailments and heart diseases. Whether or not there is any scientific validity behind 'slow loris medicine', the fact that both Indochinese species are now known to consume plants with medicinal value is of interest ( 
N. bengalensis Terminalia arjuna
Prevention and treatment of heart diseases including angina, (present study) heart failure and hypercholesterolaemia (Acharyya & Sharma 2004) N. bengalensis Terminalia chebula Digestive aid and treatment of bleeding gums. Extracts used for treat-(present study) ment of hepatitis. Fruits used as appetite stimulants and in treatment of smallpox. Also used for liver disorders (Sajem & Gosai 2006) N. bengalensis Spondias pinnata Antifungal properties. Used for treatment of diarrhoea, otalgia, (present study) and dyspepsia, among other uses (Saikia et al.2010) N. bengalensis Mesua ferrea Fresh flowers used as cure for excessive perspiration, excessive thirst, (present study) indigestion, and cough. Dried blossoms used as cure for mucus dysentery and bleeding haemorrhoids (Acharyya & Sharma 2004) N. bengalensis Vatica lanceaefolia Bark used in dysentery (Purkayastha et al. 2007 ) (present study)
N. pygmaeus
Salacia chinensis Used in Ayurvedic medicine as an antioxidant, anti-caries, anti-ulcer, (Starr & Nekaris 2013) anti-diabetic, anti-obesity hypoglycaemia, and skin lightening agent (Deokate & Khadabadi 2012) N. javanicus Melaleuca leucadendra Stimulant, antiseptic, aromatic functions; increases cardiac action; (E. J. Rode et al.
antimalarial action; aids curing microbial diseases of lungs and unpubl.) bronchitis; remedy for hookworm; used in veterinary practice for skin infections and septicaemia (Hammer et al. 1999 )
N. javanicus Acacia decurrens
In Ayurvedic medicine, used to expel worms, staunch bleeding, (E. J. Rode et al.
heal wounds, cure diarrhoea and suppress the coughing up of blood; unpubl.) antibacterial and anti-inflammatory; cures microbial infections (Nussinovitch 2010)
L. tardigradus
Coscinium fenestratum Used in Ayurvedic medicine for diabetes, poultice, cuts, sores, ulcers, (Nekaris et al. 2005) fever, jaundice, snake bites (Rai et al. 2013 diabetes. Beneficial for eye disorders and insect bites. Used against heat rash, boils, wounds, jaundice, leprosy, skin disorders, stomach ulcers and chicken pox; has veterinary applications (Koul et al. 1990) 
